Many animals use the spectral distribution of light to guide behaviour, but whether they have colour vision has been debated for over a century. Our strong subjective experience of colour and the fact that human vision is the paradigm for colour science inevitably raises the question of how we compare with other species. This article outlines four grades of 'colour vision' that can be related to the behavioural uses of spectral information, and perhaps to the underlying mechanisms. In the first, even without an (image-forming) eye, simple organisms can compare photoreceptor signals to locate a desired light environment. At the next grade, chromatic mechanisms along with spatial vision guide innate preferences for objects such as food or mates; this is sometimes described as wavelength-specific behaviour. Here, we compare the capabilities of di-and trichromatic vision, and ask why some animals have more than three spectral types of receptors. Behaviours guided by innate preferences are then distinguished from a grade that allows learning, in part because the ability to learn an arbitrary colour is evidence for a neural representation of colour. The fourth grade concerns colour appearance rather than colour difference: for instance, the distinction between hue and saturation, and colour categorization. These higher-level phenomena are essential to human colour perception but poorly known in animals, and we suggest how they can be studied. Finally, we observe that awareness of colour and colour qualia cannot be easily tested in animals.
INTRODUCTION
Colour science is founded on human perception, even in the definition of 'light' as the human-visible part of the electromagnetic spectrum (electronic supplementary material, box; Wyszecki & Stiles 1982 ). An anonymous late 18th century work, attributed to John Elliot (1786) by Mollon (1987) , was perhaps first to recognize that light is part of a wider spectrum. Similarly, the 18th century saw a realization that plant and animal colours do not exist simply for human pleasure (Sprengel 1793; von Frisch 1943) . When insects and Daphnia were found to see a broader spectrum than humans, biologists such as Lubbock (1882 Lubbock ( , 1888 started to call ultraviolet and infrared radiation light (Lubbock 1882) . Similarly, interest in animal senses led to the first tests of animal colour vision (Lubbock 1888) .
Despite the modern understanding of our place in nature, the emphasis on human cognition, and even culture, makes the attribution of colour vision to other species controversial (Hess 1910; von Frisch 1912; Thompson et al. 1992; Stoerig 1998; O'Regan & Noe 2001; Skorupski & Chittka in press) . In his pioneering studies, von Frisch (1913 Frisch ( , 1914 trained bees and fish to colour stimuli; he had an operational definition of colour vision as 'the ability to discriminate two uniform lights irrespective of their relative intensities' (i.e. by their spectral composition; Wyszecki & Stiles 1982) . However, von Frisch's method partly accounts for the view that learning is fundamental to 'true' colour vision, as distinct from 'wavelength-specific behaviours', which are not modified by experience (Wigglesworth 1976; Menzel 1979; Goldsmith 1991) . One rationale for this distinction is that learning requires a neural representation of colour. Similarly, Skorupski & Chittka (in press) argue that vision 'entails the identification of shapes, sizes and locations of objects in the world', which may imply an internal representation of the physical stimulus; it follows that tests based on training to objects of defined shapes and transfer to objects of different shapes are required to demonstrate vision. Stoerig and others, who study primate blindsight, 1 propose a still stronger criterion that distinguishes between vision and sight, and requires awareness or sensation of colour (Stoerig & Cowey 1997; Heywood et al. 1998; Stoerig 1998) . This criterion puts the subject more or less beyond the reach of study on non-human species.
By comparison with other sensory faculties, the debate about colour vision is unusual. For hearing, olfaction or polarization vision, sensitivity to a physical stimulus is the criterion, which is established in simple behavioural tests. Argument about definitions is often best left to aficionados, but the criteria for colour vision raise questions about the behavioural uses of spectral information, the underlying neural mechanisms and even the sensory experience of other species (Nagel 1974) . At a more practical level, these issues are relevant to the question of how biologically important colour stimuli such as communication signals are seen by their intended receivers (Guilford & Dawkins 1991) .
Clearly, the capabilities of a sensory system depend on how it serves behaviour. Animals from many phyla have some type of colour vision, which suggests a general utility for spectral information. Such widespread occurrence is perhaps surprising, because in natural conditions chromatic signals (electronic supplementary material, box) are weak and noisy compared with achromatic signals (i.e. of low bandwidth; Ruderman et al. 1998; van Hateren et al. 2002) . This might imply that investment in multiple photoreceptors and additional neural processing would not pay off. In practice, spectral information is used in two main contexts: the illumination spectrum (rather than simple intensity) often drives phototaxes, and reflectance spectra are used to identify the material properties of objects (Brainard & Maloney 2004) .
We suggest four main grades of colour vision that relate to the uses of spectral information and may correspond to successive levels of complexity in the underlying mechanisms. This scheme risks placing humans at the top of a scala naturae, but is perhaps justified by the insight into colour that our experience and visual ecology gives. More simply, the terms and concepts from colour science are widely applied to animals (figure 1; electronic supplementary material, box ; Endler 1992; Bennett et al. 1994) . Figure 1 . Colour spaces (receptor spaces, left side; see also electronic supplementary material, box) and chromatic spaces (right side) of dichromats and trichromats illustrating the relationship between the human percepts of hue, saturation and brightness and the physiological receptor axes. As dichromatic colour space only has two dimensions, hue, saturation and brightness are not independent. A tetrachromatic space (probably possessed by birds and fish) may theoretically add a fourth dimension to colour (akin to hue or saturation), but the physical interpretation and ecological significance of this are not obvious. While organisms such as butterflies and stomatopods have many more than four types of spectral receptors, it is not clear how they are used. To our knowledge, there is no evidence for 'pentachromatic' or higher-dimensional colour vision. Q S , Q M , Q L are quantum catches of receptors sensitive to short, medium and long wavelengths, and S, M and L in chromatic spaces depict hypothetical colours eliciting signals in the respective receptor only. NP indicates the neutral point where a spectral light appears the same to the dichromat as broad-spectrum white light.
LEVELS OF COLOUR VISION
Daphnia phototaxis is sensitive to the light spectrum, rather than intensity alone. Lubbock concluded that Daphnia have colour vision, but cautioned that it would be 'impossible to prove that they actually perceive colours'. The fact that Daphnia magna has four spectral types of photoreceptors (Smith & Macagno 1990) nicely illustrates how such 'simple' animals may have complex spectral coding ( §2b(ii)). Colour-guided phototaxis like Daphnia's is common to many animals, and as well as unicellular organisms (e.g. Menzel 1979; Spudich & Bogomolni 1984; Steverding & Troscianko 2003) . Theoretically, image-forming eyes are not needed for non-directional responses ('kineses'), though even single-celled organisms often have some types of directionality (Jékely 2009 ). All that are needed are two directionally sensitive photoreceptors with different spectral sensitivities and an opponent interaction to compare their responses. Sometimes, temporal comparison of signals from two spectral types of receptors translates into directional information, as when scanning bees and ants discriminate the solar from the anti-solar half of the sky (Wehner 1989) . Similarly, a nematode that lacks spatial resolution may achieve a colour-guided phototaxis by comparing the colour signal with a set preference value (Croll 1966; also Menzel 1979) . These studies show that information about the illumination spectrum is useful to the simplest systems, which lack a focused image and have minimal processing capabilities. More advanced colour vision could have evolved from such origins.
(b) Innate preferences for coloured objects and the dimensionality of colour vision Compared with light sources, reflecting objects are generally a much richer source of information: there are far more 'kinds' of object than lights. Here, an eye that produces a focused image on a retina is virtually essential (Land & Nilsson 2002) . Some caterpillar stemmata come close to having the minimal 2-pixel colour image, which requires four photoreceptors (Ichikawa & Tateda 1982; Nilsson 2009 ). The widespread use of colour vision in relatively simple animals is striking, and consistent with the idea that chromatic signals allow object recognition with simpler neural mechanisms than are needed for form vision (Marr 1982; Mather 2006) .
Innate colour-sensitive responses to objects, sometimes referred to as wavelength-specific behaviours ( §2c), are therefore found where recognition needs to be robust to environmental light changes (Campenhausen 1986; Osorio & Vorobyev 2005) , such as for mate and host recognition. For example, female fiddler crabs (Uca mjoebergi) prefer yellow (long-wavelength reflecting) claws to white or grey, with both real and dummy males (Detto 2007) . Similarly, the attraction of male glowworms (Lampyris noctiluca) to 550 nm (green) light, which resembles female bioluminescence, is reduced by addition of shorter wavelengths (450 nm; Booth et al. 2004) . This evidence for an opponent interaction is perhaps surprising because one might expect detection of bioluminescence to place a premium on absolute sensitivity (i.e. total photon catch). Even here, one must assume that that signal reliability more than offsets the cost owing to the increased noise in chromatic mechanisms (figure 2; electronic supplementary material, box).
To investigate the mechanisms underlying these behaviours, it is useful to start with knowledge of photoreceptor spectral sensitivities. One can then specify receptor responses for a given stimulus spectrum, and hence infer how these signals and opponent mechanisms are used in behaviour (Kelber et al. 2003) . The simplest task is to identify receptor inputs to achromatic behaviours (figures 1 and 2; electronic supplementary material, box); for example, honeybee escape and dorsal light responses are controlled by UV receptors, and the optomotor response is controlled by green receptors (Menzel 1979; Srinivasan & Lehrer 1988) . Similarly, one can identify inputs to chromatic mechanisms: those we have described for fireflies and fiddler crabs probably involve two spectral types of photoreceptors. Likewise, fruitflies (Dacus) and aphids searching for a site to lay eggs use an opponent mechanism to guide their flight towards surfaces that reflect long-wavelength light (Moericke 1949; Kelber 2001) . Most studies of behaviours that implicate a single 'perceptual dimension' (or neural mechanism) suggest that this is either purely chromatic or purely achromatic. It is an open question whether the dimension ever lies on a mixed chromatic and achromatic axis ( figure 1 ).
An apparent weakness of many spectrally selective behaviours is that by comparing outputs of just two receptors (sensitive to long and short wavelengths) they simply prefer either short or long wavelengths, rather than a particular peak value. For example, many insects prefer yellow to green when actually searching for green leaves, which have a reflectance peak at 550 nm (figure 2a; Prokopy & Owens 1983) . Papilio butterflies avoid this shortcoming by using short-, medium-and longwavelength receptors to give a 'green -(red þ blue)' chromatic signal when egg-laying. This allows them to find green leaves, avoiding both longer and shorter wavelengths (Lythgoe 1979; Kelber 1999 ).
Papilio's oviposition behaviour is interesting in that, although relying on three receptor types, it is explained by a single chromatic interaction, and hence is dichromatic (electronic supplementary material, box; Kelber 1999). In contrast, when Papilio butterflies choose nectar sources (i.e. flowers), they are tetrachromatic (figure 1; Koshitaka et al. 2008) . But even tetrachromacy falls short of the theoretical capability of these butterflies, which have up to eight spectral types of receptors ( §2b).
(i) Dichromacy, trichromacy and colour constancy Behavioural studies typically test whether a species (or behaviour) has colour vision as opposed to being colour-blind (i.e. monochromatic; electronic supplementary material, box). That is, they test whether the animal can separate the spectral composition of a stimulus from its overall intensity. At a minimum, this requires two dimensions of colour-typically one achromatic and one chromatic-and is said to be dichromatic (Jacobs 1981; Kelber et al. 2003) . However, many animals have more than two spectral receptors. What then are the consequences of increasing receptor numbers and the (potential) dimensionality of colour vision?
The signal of a single receptor type can give reliable information about a light source, but not a reflecting object. This is why deep-sea fish looking at bioluminescent objects can manage with a pure rod retina (Douglas & Partridge 1997) , and why the finding that glow-worms use a colour signal came as a surprise (Booth et al. 2004; §2b) . Reflecting objects change luminance with illumination colour and thus cannot be detected reliably under changing illumination (e.g. Campenhausen 1986 ).
The three basic dimensions of colour recognized by trichromatic humans-hue, saturation and brightnessare probably ecologically meaningful in that they give different types of information about pigmentation, lustre and other material qualities. Thus, the difference between dichromatic and trichromatic (or higher) systems may be comparable to that between dichromacy and 'colourblindness' (i.e. monochromacy). A dichromatic eye generally cannot separate the three dimensions of colour and is especially likely to confound changes in wavelength (roughly 'hue') from spectral purity ('saturation'; figure 1; Wachtler et al. 2004; Roth et al. 2007 ). An obvious example is that at the dichromatic 'neutral point', achromatic (spectrally flat) light matches a certain monochromatic wavelength (Jacobs & Yolton 1969) ; consequently, dichromats tend to fail tests of discrimination of certain colours from all shades of grey (Roth et al. 2007 ). This ambiguity in the causes of signals (e.g. confusion of spectral peak and spectral purity) may well explain why, as we have mentioned, both innate and learnt dichromatic responses are commonly directed to either short or long wavelengths.
Notwithstanding their limitations, it is worth noting that simple systems may achieve colour constancy, simply by receptor adaptation to the mean light intensity-known as a von Kries mechanism (figure 2; Foster & Nascimento 1994) . This allows the animal, with minimal neural processing, to recognize an object in sunlight or shade and even in a patchy light environment (e.g. Osorio et al. 1997; Kelber & Roth 2006) . By comparison, the huge variation of illumination intensity across natural images makes the equivalent achromatic process-lightness constancy-relatively ineffective (Robilotto & Zaidi 2004) . Indeed, it has been suggested that colour vision evolved, in the first place, to gain constancy (Campenhausen 1986; Maximov 2000) . Though human colour constancy involves high-level mechanisms (Bloj et al. 1999) , we are aware of no tests of animal colour constancy that convincingly exclude von Kries-type mechanisms (but see Lotto & Wicklein 2005) .
(ii) Why have more than three receptors? One might argue that trichromacy is ideal for colour vision: not only does it give separate dimensions of hue, saturation and brightness (figure 1), but it has long been observed that three components are adequate for coding most variation in natural spectra with opsin-based pigments (Barlow 1982; Maloney 1986; Kelber et al. 2003) . Indeed, there is no good explanation of why many animals have more than three types of spectral receptors (Barlow 1982; Vorobyev 2003; Osorio & Vorobyev 2008) . Why do birds have five cone types (and tetrachromatic colour vision), butterflies have up to eight types of receptors (Koshitaka et al. 2008 ) and stomatopod crustaceans up to sixteen (Osorio et al. 1997; Cronin & Marshall 2004) ? Possible answers are benefits of narrowly tuned receptors for colour discrimination and colour constancy (Osorio et al. 1997; Vorobyev 2003) , or that different sets of receptors are used for different behaviours, perhaps to give multiple specialized di-or trichromatic systems. The latter idea is attractive, but evidence is weak. Possible examples come from butterflies, such as the swallowtail Papilio xuthus, which has eight spectral types of receptors, but appears to use only four types for colour discrimination (Koshitaka et al. 2008) . Similarly, as mentioned above, Papilio aegeus seems to use only three of its receptor types (probably also eight in total) for choosing oviposition substrates (Kelber 1999) . Potentially very strong driving forces for the evolution of additional receptors are sexual selection and sexual drive (Boughman 2002) , leading to coevolution with colour signals, perhaps as a Fisherian runaway process. Although the question of the coevolution of senses and colour signals has a long history (Allen 1879; Cronin 1991) , there is little evidence for photoreceptor spectral sensitivities (or any other mechanism of colour vision) evolving in response to sexual or other communication signals, rather than colour signals 'exploiting' generalpurpose mechanisms (e.g. Seehausen et al. 2008) . Once again, the evolutionary variation in receptor sensitivities of butterflies may provide an exception to this generalization, as there is some evidence that this is driven by sexual signalling (Frentiu & Briscoe 2008) . In Nymphalidae, there is a correlation between the occurrence of new UV-reflecting wing pigments and a duplicated gene for UV pigment in Heliconius (Briscoe et al. in press) . Similarly, the East Asian form of the small white butterfly Pieris rapae crucivora is sexually dimorphic, with the males displaying higher UV reflectance on the wing, and the males have enhanced UV sensitivity, possibly to aid sex discrimination (Wakakuwa et al. 2005) . By comparison, neither coloration nor receptor sensitivities are sexually dimorphic in the European race Pieris rapae rapae (Giraldo & Stavenga 2007) .
In summary, innate behaviour towards coloured objects relying on image-forming eyes and colouropponent mechanisms allows for reliable recognition of mates, food and hosts, and is a very common type of colour vision.
(c) Colour, learning and cognition Thirty years after Lubbock's study of Daphnia, von Frisch and his collaborators had difficulty convincing contemporaries that animals have colour vision, or a 'colour sense' (German 'Farbensinn'; Hess 1910 Hess , 1913 von Frisch 1913 von Frisch , 1914 . von Frisch's (1912) first experiments asked how fish change body colour depending on the background, but his main work tested learned associations with food by bees and fish (von Frisch 1913 (von Frisch , 1914 ). As we have said, von Frisch used an operational definition: if subjects behaved differently towards a stimulus of one colour, for instance blue, compared with any shade of grey, they were said to see blue as a colour different from grey. Honeybees and fish (minnows, Phoxinus phoxinus) can indeed discriminate blue from grey, which requires a chromatic mechanism.
Despite the initial scepticism, von Frisch's method established the paradigm for animal colour vision, which may account for the distinction from wavelengthspecific behaviour, 2 a term used when there is no evidence for learning (Wigglesworth 1976; Menzel 1979; Jacobs 1981; Goldsmith 1991) . More concretely, Goldsmith (1991) argues that learning gives 'evidence for a perceptual dimension of colour', and continues, 'until our concepts are expanded by new experimental findings, this distinction (between wavelength specific behaviour and colour vision) should remain useful'. What is at stake is the idea that 'vision' is a cognitive phenomenon, with an internal representation of the world (Marr 1982; Skorupski & Chittka in press ). Goldsmith (1991) implies that the ability to learn an association between any colour and food requires a representation of a chromatic dimension; perhaps like the map of colour space reported in the monkey primary visual cortex (Xiao et al. 2007) . The idea that bees have a representation of colour that is independent of a specific motor system is also supported by evidence that they use a common system in several contexts: for finding flowers, and to identify nest sites and navigational landmarks (Cheng et al. 1986; Somanathan et al. 2008) . This observation accords with the idea that humans have a sensation of colour independent of its context.
Learning is, of course, more relevant in some contexts than others; as we have mentioned ( §2b), Papilio learns flower colours for nectar feeding, but not host plant colours for egg laying. Given the predictability of leaf colours and the fact that reproductive success is measured only after the female has died, colour learning might not be expected in oviposition behaviour. However, females of the small white butterfly P. rapae learn to associate the colour of the oviposition substrate with the chemicals that tell her she has landed on the correct host (Traynier 1984) . Conversely, flower-visiting insects do have innate preferences that help them to find a first nectar reward (e.g. Scherer & Kolb 1987; Giurfa et al. 1995; Goyret et al. 2008) . The colour preference may be part of an innate 'flower template', but, in experiments, most species approach objects of the preferred colour, independent of shape and other typical flower features, indicating a representation of colour that is independent of other features. Along with the ability to learn arbitrary colours, evidence of this kind has been argued to point to the existence of an internal representation of a colour continuum (Menzel 1979; Goldsmith 1991; Skorupski & Chittka in press ). Nonetheless, evidence for-and the definition of-representation is controversial in cognitive science (O'Regan & Noe 2001; Webb 2006) , and we leave the reader to judge the relevance of the experimental evidence to this question.
To conclude, from an ecological point of view, colour learning adds flexibility in the choice of coloured objects, Review. Animal colour vision A. Kelber & D. Osorio 1621 an adaptation to changing availability of food sources, hosts and nest sites in a variable environment, while innate preferences allow for efficient coding of objects that are likely to be rather constant and optimal during an animal's lifetime (such as conspecifics or green leaves for egg laying).
(d) Perception of large colour differences, colour categories and colour appearance Human colour vision entails much more than discrimination. We group colours into a few distinct categories that divide the perceptual space given by receptors or low-level opponent mechanisms into a small number of well-defined regions (figure 1; electronic supplementary material, fig. S1b ; Berlin & Kay 1969; Harnad 1987) . Also, we recognize qualities of colour, designated by the terms hue, saturation and 'brightness' (electronic supplementary material, box). It is argued that such concepts require language (and are determined by linguistic convention; Davidoff 2001; Fagot et al. 2006) , but one can easily imagine that similar abilities could be beneficial to species without language (Poralla & Neumeyer 2006) . Unfortunately, little is known about how other species perceive supra-threshold colour differences or classify colour. For instance, we do not know of any evidence that hue and saturation are qualitatively distinct (electronic supplementary material, box; Wyszecki & Stiles 1982) . Similarly, colour categorization is controversial (Harnad 1987; Davidoff 2001; Osorio 2009 ). We now look at how such issues can be addressed experimentally (electronic supplementary material, fig. S1 ).
A traditional way to study neural mechanisms in colour psychophysics is based on multi-stage models (zone theory; Wyszecki & Stiles 1982) , whereby low-level mechanisms (e.g. photoreceptors and chromatic opponent neurons) set discrimination thresholds, which provide a basic metric of colour difference (i.e. the just-noticeable difference, jnd; Kelber et al. 2003; Poralla & Neumeyer 2006; Ham & Osorio 2007; Osorio 2009 ). Simple models predict that the magnitude of the perceived supra-threshold stimuli should scale linearly (or logarithmically) with the discrimination threshold (Schrö dinger 1920; Stevens 1957; Ham & Osorio 2007 ). Higher-level mechanisms then reveal themselves in deviations from the predictions of such models (electronic supplementary material, fig. S1 ; Poralla & Neumeyer 2006; Baddeley et al. 2007; Osorio 2009 ): for instance, the existence of categorical boundaries (in the continuum of colour space), representation of hue and saturation as distinct perceptual dimensions or unique hues (electronic supplementary material, fig. S1 and box).
As long ago as 1965, Shepard observed that ignorance of discrimination thresholds in species such as pigeons was a major impediment to work on avian colour learning and cognition (Shepard 1965; Osorio 2009) . It is now possible to derive a metric based on the jnd either by direct psychophysical tests or by modelling based on receptor responses (Vorobyev & Osorio 1998; Kelber et al. 2003; Goldsmith & Butler 2005) . Thus, in goldfish, generalization from single colours gives no evidence for categorical boundaries, but fish trained to single or multiple colours prefer or learn certain wavelengths preferentially (which may be evidence for 'focal' colours that could be ideal exemplars of a category; Poralla & Neumeyer 2006) .
Given that birds have good colour discrimination and, seemingly, advanced cognition, it is not surprising that they should provide evidence for colour categorization. With pigeons (Columba livia), Wright & Cumming (1971; electronic supplementary material, fig. S3d ) avoided the need to use a metric based on the discrimination threshold. They used a match-to-sample procedure to test categorization of monochromatic lights, in which birds learnt to respond to a light that matched an example wavelength (512, 572 or 655 nm). In the tests, the sample wavelength was novel and birds had to choose between the two nearest training lights. This identified two wavelengths, 540 and 600 nm, that were equally likely to be matched to 512/572 or 572/655 nm standards. To move from a measure of similarity to evidence of categorization, the standard lights were blue-shifted by approximately 20 nm (to 473, 555 and 633 nm). Crucially, there was no corresponding shift in the 'ambiguous' wavelengths, suggesting that they lie at categorical boundaries.
Poultry chicks learn colour remarkably accurately: for example, equivalent to a wavelength range of about +2 nm for monochromatic light, even without differential training (Osorio et al. 1999; Osorio 2009 ). The ability to divide the colour continuum finely makes it possible to explore how these birds deal with suprathreshold stimuli, for instance by categorization. There is evidence that week-old chicks form colour categories based on experience of multiple colours (electronic supplementary material, fig. S1 ; Jones et al. 2001; Osorio et al. 2009 ). Specifically, when they are trained with food to two rewarded colours (e.g. yellow and red, or blue and green), intermediate colours (e.g. orange or turquoise) are treated as similar (i.e. food sources) to the rewarded colours, but colours beyond the limits set by the known rewarded colours are excluded. This suggests that the chicks place the known rewarded colours as categorical ends of a line in their colour space. The ability to recognize a region with sharp boundaries in the perceptual space accords with the conventional criterion for categorical perception (Harnad 1987) .
Other than in birds, and the limited evidence from fish, there is little convincing evidence for colour categorization in other species, including non-human primates (Fagot et al. 2006) . Application of suitable tests may well change this view.
CONCLUSION: SEEING THE WORLD FROM AN ANIMAL'S POINT OF VIEW
The ultimate aim of the study of non-human senses is to understand the world from the animal's point of view (Nagel 1974; Guilford & Dawkins 1991) . Sensory ecology starts by asking how low-level systems, such as sense organs, are matched to natural signals; but similar principles apply to any mechanism (Lythgoe 1979) . Colour science raises questions about the behavioural uses of spectral information in nature, and the underlying neural mechanisms. Conversely, the study of visual ecology helps to understand the selective pressures under which colour vision has evolved in humans and other lineages. At a practical level, we want to relate the terminology of human colour vision to animal studies (electronic supplementary material, box; Bennett et al. 1994) .
There are common features that seem to reflect shared ecological needs of colour vision. Examples include the widespread occurrence of two to four spectral receptor types (but see §2b). Similarly, the distinction between chromatic and achromatic (or luminance) mechanisms, which was originally made for primates, probably applies widely (Boynton & Kaiser 1968; Hempel de Ibarra et al. 2002; Gegenfurtner & Kiper 2003; Osorio & Vorobyev 2005) . Broadly speaking, these phenomena are interpreted in terms of both the nature of the physical stimuli and their behavioural uses. Colour is useful for recognizing objects and assigning a value to them; for instance, as food or mates. This is presumably why colour is so salient to us and so prominent in biological communication signals.
As we move beyond simple tests of the existence of colour vision and arguments about its definition, we need to study how animals use spectral information in natural contexts and to relate these to how they perceive and learn about their world (Vorobyev et al. 2001; Roth et al. 2007; Skorupski & Chittka in press ).
This commentary text has partly been inspired by the ideas put forward by Skorupski & Chittka (in press ), and we thank them for discussion. A.K. thanks the Swedish Research Council for ongoing financial support. The term wavelength-specific behaviour is ambiguous because it is also applied to behaviour guided by achromatic mechanisms, which normally involve only one type of receptor (Menzel 1979) .
